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To go where no one has gone before: the necessity of radiobiology
studies for exploration beyond the limits of the “Holy Gray”
in radionuclide therapy
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Ever since the inception of nuclear medicine, dosimetry has
been a topic of study and often a hot discussion. A number of
editorials and position papers have been written in the
European Journal of Nuclear Medicine and Molecular
Imaging, detailing positions on the clinical use of dosimetry
[1–4]. Moreover, the issue of whether to perform dosimetry
has become politicized: The latest directives from the
European Union surrounding this issue can be interpreted as
both being very specific inmandating dosimetry or as a lack of
a specific mandate for the same, depending on the precise
interpretation of the legal phrasing—again providing the basis
for the discussion within the nuclear medicine community.
From different points of view, these aforementioned papers
have detailed both the pros and cons, the good and the bad, as
well as the superfluous and the sensible application of the
array of dosimetric methods that have been and still are being
developed as illustrated in, e.g. [5–11]. However, these past
discussions have neglected to dive more deeply into potential
avenues for exploration of the clinical relevance of dosimetry.
Here, we will try and provide some ideas on possible ways
forward in this respect.

The theoretical advantage of dosimetry, i.e. an individual-
ized approach to radionuclide therapy aiming to prevent both
overexposure of non-target organs and underexposure of

target tissues, is clear and evident. However, thus far high-
level clinical proof that these advantages can be realized is
largely lacking [3]. In fact, to some degree, some of the avail-
able evidence could even be interpreted to go against the use-
fulness of dosimetry. For instance, in the therapy of benign
thyroid disorders—the oldest example of an in itself very suc-
cessful radionuclide therapy—it has thus far repeatedly been
shown that the total dose absorbed by the target tissue in some
diseases is not related to the eventual success of treatment [12,
13]. In another example, in the more recently developed ther-
apy with the prostate specific membrane antigen, the few stud-
ies available [14] thus far seem to indicate that the calculated
delivered dose to cancer lesions has no more than a limited
relationship with outcome. Some tumours can show a tremen-
dous tracer uptake but fail to respond to radionuclide therapy,
whereas other with at best modest uptake will show a great
response—a clinical observation to which most of us who are
involved in radionuclide therapy will be able to relate.

These examples clearly illustrate that dosimetry as prac-
ticed today is limited in its predictive power to relate radiation
exposure to therapeutic response. The reasons for the limited
predictive power may be manifold; however, the body of ev-
idence in literature is thus far largely lacking in this respect.
Nonetheless, from what is available and from biological the-
ory, several main themes can be identified, which deserve
further future exploration [15].

A first major potential cause of these differences in re-
sponse is heterogeneity. This heterogeneity concerns both
intra- and interpatient as well as physical factors. The intra-
patient factors concern, e.g. the evolution of various different
cancer cells, which could induce differences in radiation sen-
sitivity between cancer cells. On top of that, even within the
same metastasis, the uptake of radionuclides in different parts
of tumour lesion could also vary from very high to completely
absent [16]. This will of course lead to a differing response of
cancer cells to therapy, as some will have received an exces-
sive dose of radiation whereas others will have too little. In the
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case of radionuclide therapy, to some degree, cells that do not
take up radionuclides may still be irradiated through uptake in
neighbouring cells if such cell populations are intermixed and
within the range of the radiation emitted. This effect may be
less pronounced or even absent if different populations show
regional clustering, let alone from separate metastases.
Furthermore, this effect will be much less pronounced when
using alpha-emitting radionuclides rather than beta-emitters.
Currently, such effects are often not considered explicitly in
clinical dosimetry—the dosimetric methods used (EUD or
equivalent uniform dose) are based on external beam and
brachytherapy, and only include extrinsic causes of non-
uniform dose distributions—and it is unclear whether it plays
a role in clinical practice. However, such effects may play a
contributing role in determining the predictive power of the
total lesion absorbed dose.

Heterogeneity in response to radiation can be intra-patient,
where different lines of the same original tumour will develop
additional genetic alterations, which may also result in an
alteration of the response to genetic damage through ionizing
radiation. It may however also concern inter-individual het-
erogeneity: The baseline response to the same radiation
absorbed dose to the target may differ widely between indi-
vidual patients. Whereas an absorbed dose of 300 Gywill lead
to a complete ablation of the thyroid gland in some patients
with Graves’ disease, it is not even sufficient to cease hyper-
thyroidism in others [13]—while yet further patients showed a
whole range of variants in response between these two
extremes.

To complicate matters even further, no two cancers are the
same. Even if cancers can be grouped by means of histopa-
thology, in reality it concerns individual, highly variable dis-
eases that also show significant degrees of variation on a ge-
netic level.

Lastly, also not to be forgotten are the so-called abscopal
and bystander effects, which describe effects only indirectly
related to radiation exposure such as an activation of the im-
mune system to non-irradiated foci in response to damage
incurred by irradiated foci. These effects show both a high
degree of heterogeneity and still are poorly understood [17].

Therefore, the heterogeneity in response to radiation expo-
sures is a compounded product of all the previously men-
tioned inter- and intratumoral as well as intra- and inter-
individual differences, which is not taken into account in the
physical absorbed dose.

Although such observations are hardly new, the scientific
developments in this field have been not yet gained the prom-
inence in the research agenda of most institutions they would
deserve in light of the importance of these subjects with regard
to understanding and improving radionuclide therapy. Largely
unexplored remain a number of dosimetric parameters which
may possibly be of influence. For instance, in a study by
Krohn et al. [13], it was shown that not the total thyroid

absorbed dose was related to therapeutic success of thyroid
ablation in Graves’ disease but rather the maximum dose rate
to which the thyroid was exposed. Possibly, this might be
explained by a high dose rate exceeding the cells’ repair ca-
pacity, thus leading to cell kills, whereas a low dose rate, even
at equivalent total absorbed dose, will be almost ignored in
terms of cells’ death when the cells’ repair capacity is suffi-
cient to undo any damage done by radionuclide therapy. As it
is, this observation is valid for Graves’ disease only; in other
diseases, a similar phenomenon has not yet been described—
in fact, in some diseases with, e.g., proliferative activity, the
opposite may hold true. Rather a high total dose at lower dose
rate may be more successful if over time it manages to catch
the proliferative phase of more cells.

As a result, we certainly do not know nearly enough to
understand this high variability. Research in radiobiology,
i.e., the branch of science which explore the effects of ionizing
radiation at cellular and subcellular level, including genomics
and transcriptomics [18, 19], has for far too long received far
too little attention [15] and, consequently perhaps, funding.
Since the publication of some of the first dosimetric concepts
by Marinelli et al. or Benua and Leeper [20, 21], many differ-
ent diagnostic and therapeutic tracers have been developed,
and the number of different alpha- and beta-emitting radionu-
clides available to nuclear medicine has expanded greatly. Yet
we still in essence perform the same measurements based on
the same premises as we did in times when the structure of
DNA itself was not yet elucidated (1953). It is therefore that
we explicitly call on the nuclear medicine community at large
to consider this situation when discussing dosimetry and to
increase the efforts to provide more clarity on the actions of
radiation at a genetic level in order to provide a better under-
standing of what our target should be when performing do-
simetry. Is it a total absorbed dose or a maximum dose rate? Is
it a certain number of DNA double strand breaks (DSB) in-
duced per MBq? Or is it another, yet unknown factor?
Perhaps, in an ideal world, it will someday be possible to
transpose the concept now used in the biologically effective
and equivalent uniform dose to a deeper level and with a more
profound understanding of the various factors involved in the
heterogeneous response to radionuclide therapy or even radi-
ation in more general terms to define a “genetically effective
dose”.

We should, of course, continue performing the studies on
lesion dosimetry, blood dosimetry, bone marrow dosimetry,
non-target organ dosimetry such as kidney dosimetry, etc.
Although we could go on discussing whether there is a clinical
sense and use for dosimetry as performed over the past 60 +
years, alternatively, we could try to dedicate our energy to-
wards solving the great complex puzzle of the interaction be-
tween radiation and biology. The latter may one day provide
answers, which will help those who all this is about: our
patients.
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